Purpose: To characterize cumulative radiation exposure from diagnostic imaging (CEDI) in pediatric patients and to investigate its relationship to patients' socioeconomic status and comorbid medical conditions.
INTRODUCTION
Although the benefits of radiographic imaging are generally accepted, the side effects of ionizing radiation exposure from CT scans, fluoroscopy, and nuclear medicine studies are receiving more attention. A recent study indicated that approximately 40% of children aged Ͻ 18 years in the United States are exposed to at least one ionizing radiation examination over a 3-year period from medical imaging procedures [1] . Studies suggest that radiation exposure may be more hazardous in children because their tissues are still growing and may be more prone to somatic genetic damage. Additionally, children's greater life expectancy provides a longer observation time for adverse events [2] [3] [4] [5] [6] [7] [8] . The use of CT has increased rapidly, with an estimated 70 million CT scans performed in 2007 in the United States [9] . Primarily on the basis of epidemiologic data from atomic bomb survivors, it has been estimated that 1.5% to 2% of future cancers in the United States may be attributable to current CT use and that 29,000 cancers may be attributable to the CT scans performed in 2007 [10] . Furthermore, some have estimated that the mortality from radiation exposure is 1 death per 4,000 scans and 1 excess cancer per 1,000 scans [11] .
Understanding the factors associated with the utilization of radiologic imaging is important in correcting Department of Radiology, Montefiore Medical Center, Albert Einstein College of Medicine, Bronx, New York. possible differences in the delivery of health care services according to patient demographic characteristics (health disparities). Lower socioeconomic status (SES), lack of health insurance, and belonging to a disadvantaged race or ethnicity are associated with increased disease prevalence, decreased access to care, and worse health outcomes across a broad spectrum of diseases [12] [13] [14] [15] [16] . In a study of adult patients undergoing myocardial perfusion imaging, those patients without health insurance underwent fewer tests involving radiation and had lower cumulative effective doses than patients with any health insurance [17] . Our objective was to test the association in children between SES and medical radiation exposure and diagnostic imaging utilization in the US health care setting. We hypothesized that because of increased disease burden, lower SES may contribute to an increase in exposure to medical ionizing radiation. Our population was primarily African American and Latino children living in varying degrees of poverty who were followed for 3 years at an urban medical center. We tested our hypothesis by evaluating the associations between cumulative radiation exposure from diagnostic imaging (CEDI) and SES, race, ethnicity, and insurance status, controlling for comorbidities.
METHODS

Data Sources
This was a retrospective cohort study of patients from a tertiary care academic urban medical center with specialized pediatric outpatient, inpatient, and emergency facilities. We accessed our institution's computerized medical record system using Clinical Looking Glass version 3.3 (Montefiore Medical Center, Bronx, New York), an interactive software application, to derive radiation exposure (estimated effective dose), geocoding (census tract of residence), comorbidity reports, demographics, and insurance status. The study was approved by the medical center's Institutional Review Board for the Protection of Human Subjects and was compliant with HIPAA.
Study Population
The population was defined to include all patients aged Յ21 years at the time of an initial visit during January 2006 at any of the institution's 14 outpatient clinic sites, which all use the electronic medical record system. Patient records were reviewed through January 2009 to identify all medical imaging studies performed over this time period. Patients who died during the 3 years of follow-up were excluded to minimize potential bias due to numerous examinations preceding their deaths and the truncation of their observation period. Patients with Ͻ3 years of follow-up were also excluded. Age, gender, race, and ethnicity were self-reported by the patient or guardian at registration. Ethnicity was defined as either Hispanic or Latino or non-Hispanic or non-Latino. Insurance information was based on the source of payment recorded for the original outpatient encounter and was subsequently categorized as private insurance, Medicare, Medicaid, or no insurance (self-pay).
SES
The percentage of people living below the poverty level in a census tract has previously been used as a measure of SES [18] . To validate this approach in this cohort, 100 randomly selected addresses geocoded by the Clinical Looking Glass geocoding report were compared with the census tract on the US Census Bureau's geocoding Web site [19] . Eighty-two percent of addresses were assigned the same census tracts by both methods, 10% could not be geocoded by the census Web site, and a small fraction (8%) were assigned different census tracts. To account for the possible nonlinearity of the relationship between census tract percentage of persons living below the poverty level and radiation exposure, percentage poverty categories of 0% to 10%, Ͼ10% to 20%, Ͼ20% to 30%, Ͼ30% to 40%, Ͼ40% to 50%, Ͼ50% were created. Bronx County has one of the highest poverty rates in the nation (28.3% in 2009), and the study population therefore did not replicate the previously used cutoff of Ͼ20%, the federal definition of a poverty area, as the highest poverty group [20] .
Examination Utilization and Estimation of Radiation Dose
All diagnostic radiology examinations, nuclear medicine examinations, and cardiac catheterizations were recorded for 3 years from the original outpatient visit date for each patient. These included all procedures performed at multiple imaging facilities, including inpatient, emergency, and outpatient settings. Mean radiation doses were assigned to the common examinations performed in radiology, nuclear medicine, and invasive cardiology on the basis of literaturereported values [21, 22] available before the initiation of this cohort. The estimated radiation doses for all examinations for the 3-year period of each patient were then summed, yielding a total estimated cumulative radiation dose in millisieverts. Actual measured radiation exposures vary widely and also tend to be higher than estimated mean calculated exposures [9, 22, 23] .
Comorbidities
Because SES is associated with disease risk, we incorporated comorbidities into our analyses to account for increases in imaging procedures due to increased burden of disease. We determined the presence of each of 26 Elixhauser diagnoses for each patient using International Classification of Diseases, ninth rev., codes for the entire 3-year study period. Elixhauser diagnoses have been shown to be positively associated with mortality and hospital charges [24] .
Statistical Analysis
Descriptive statistics are presented as mean Ϯ SD for continuous variables and as relative frequencies for cate-gorical variables. Multiple linear regression analysis with a monitored backward variable elimination procedure was used to derive models of the relationship between cumulative radiation exposure and patient characteristics, with estimated cumulative radiation dose as the dependent variable. Because the distribution of estimated cumulative radiation was not normal, transformations of scale were attempted to better approximate assumptions of normally distributed error terms. However, with most patients receiving very low doses or no radiation, and because the data set was sufficiently large, errors were reasonably normal, and thus assumptions of the multiple linear regression analyses were not violated. Bivariate analyses between CEDI and demographics and insurance were performed using Kruskal-Wallis tests for categorical or short-scale ordinal variables or Wilcoxon's rank-sum tests for dichotomous variables. Variables significantly associated with CEDI were included in multivariate models. Primary analyses included CEDI as the dependent variable and age and its effect on poverty and its effect on diagnosis as independent variables. Sensitivity analyses were performed for the entire data set, with CEDI as the dependent variable and the following independent variables: age, gender, ethnicity, race, census tract percentage poverty as either a continuous or a categorical variable, insurance categories, and diagnosis, as well as within insurance group. Variables retained in final models were those significant at P Ͻ .05. Analyses were performed using SAS version 9.1.2 (SAS Institute Inc, Cary, North Carolina).
RESULTS
A total of 19,063 patients had outpatient visits between January 1 and January 31, 2006, and were followed for 3 years. Distributions of children from infancy to 21 years by demographic characteristics and insurance type are shown in Table 1 . The mean age was 8.9 Ϯ 6.3, with 34% aged Ͻ 5 years. The most prevalent racial groups were African American (33.1%) and multiracial (14.9%); 36.4% of the population was of Hispanic eth- Table 1 . Differences in mean levels of poverty were significant for age, with both the very young and the oldest children more likely to be living in higher poverty areas, and for sex, with female patients more likely to live in higher poverty areas. Percentage poverty differed by race, with Native Americans, African Americans, and Pacific Islanders more likely to live in higher poverty areas than Asians or Caucasians, and by ethnicity, with Hispanics more likely to live in higher poverty areas (P Ͻ .0001). As expected, children receiving Medicaid were more likely to live in higher poverty areas than those with either no or private insurance and were more likely to be Native American (P ϭ .0016), African American (P Ͻ .0001), or Hispanic (P Ͻ .0001) (data not shown). With regard to CEDI, 82.5% of children received no ionizing radiation, and Ͻ1% received Ͼ10 mSv. Differences among age groups with regard to CEDI were significant, with those aged 16 to 21 years having notably higher levels of cumulative radiation exposure than younger children (P Ͻ .0001). Differences among insurance types were significant, with those on Medicaid or Medicare receiving significantly more radiation than those with private or no insurance (P Ͻ .0001). There were no significant differences by gender, race, or ethnicity.
The distribution of children with one or more Elixhauser diagnosis is shown in Table 2 . For each diagnosis, descriptive statistics for percentage poverty and CEDI are presented, along with corresponding P values indicating the significance of the difference between those with and without the diagnosis. The most prevalent diagnosis was chronic pulmonary disease, affecting more than onefourth of all children. Other diagnoses affecting Ͼ2% of children included deficiency anemia, fluid and electrolyte disorders, and depression. More than one-third of children had at least one Elixhauser diagnosis. In bivariate analyses, Elixhauser diagnoses more prevalent in higher poverty areas included chronic pulmonary disease, hemiplegia or paraplegia, complicated hypertension, other neurologic disorders, fluid and electrolyte disorders, deficiency anemia, drug abuse, psychoses, and depression; having at least one diagnosis was associated with living in areas of significantly greater poverty. For Elixhauser diagnoses with sufficient sample sizes for analysis (n Ͼ 10), children with the diagnoses were exposed to significantly greater CEDI than those without the diagnoses. CEDI was notably greater for such diagnoses as myocardial infarction, metastatic solid tumor, lymphoma, and blood loss anemia. Table 3 presents the results of multiple linear regression models to determine the effect of percentage poverty of living environment on CEDI, controlling for diagnosis. Each model accounted for age and how age modified the effect of poverty on CEDI, as well as diagnosis and how poverty modified the effect of diagnosis on CEDI. Given the two interaction terms in each initial model, analyses of interaction terms were reviewed to determine if sample sizes within subgroups were sufficient to consider results reliable (ie, Ͼ10 subjects in each subgroup dichotomized at the median). After controlling for diagnosis and age, poverty was not significantly associated with CEDI, with the exception of rheumatoid arthritis. For this diagnosis only, the interaction between poverty and diagnosis was significantly associated with CEDI (P Ͻ .0001), indicating that children with rheumatoid arthritis living in greater poverty areas had much higher than expected CEDI compared with those with rheumatoid arthritis living in areas of lesser poverty and those without the disease. The interaction between poverty and disease was significant for moderate to severe liver disease; in examining these results more closely, there was a significant difference in CEDI between those living in greater poverty areas and those without moderate or severe liver disease. These findings are illustrated in Figs. 1  and 2 . Sensitivity analyses supported all findings.
DISCUSSION
From our multiracial and ethnic population in which the majority of children lived in areas with Ͼ20% of residents living below the poverty level, those living in areas of greater poverty had higher levels of cumulative ionizing radiation exposure. However, analyses that controlled for age and diagnosis attributed this finding primarily to burden of disease. Our results are consistent with those of prior studies, which demonstrated an association between lower SES and greater disease burden [25, 26] . We found that more than one-third of children had at least one Elixhauser diagnosis, and those affected lived in notably poorer environments. Contrary to expectations regarding barriers to accessing health care by poorer patients, our analyses showed that mean levels of CEDI in general did not differ between children living in census tracts with greater vs lower poverty after controlling for diagnosis and age.
There was only one diagnosis, rheumatoid arthritis, for which poverty was associated with CEDI. For children with this diagnosis living in areas of Ն10% poverty, mean CEDI was more than twice that of those living in areas of Ͻ10% poverty; for children without this diagnosis, the difference in mean CEDI was not as pronounced. Only one study examined the relationship between SES and juvenile rheumatoid arthritis and indicated that children in families with higher incomes were more likely to have the diagnosis; however, the investigators did not examine effects of imaging and treatment [27] . This finding warrants further investigation focusing on this population of patients with juvenile rheumatoid arthritis. The current data concern limited variables pertaining to the whole population of patients studied. Prospective detailed analysis of this clinic population may shed light on the finding.
In a 2011 report, the use of ionizing radiation was generally higher among boys than girls aged Ͻ 15 years and increased dramatically in older children [1] . Although consistent with what we observed, these results were limited to children with private insurance. With regard to differences among racial groups, the results of our study differed from those of Einstein et al [17] in that they found that white patients had higher cumulative effective doses of ionizing radiation, whereas we found no differences. Consistent with our findings, those investigators also found that patients without health insurance had lower cumulative effective doses than patients with any health insurance [17] . Two previous studies have investigated the relationship between SES and diminished access to ionizing medical imaging in large populations. A Canadian study found that the highest income quintile was more likely than the lowest income quintile to receive nearly all radiologic examinations [28] . However, a Taiwanese study found that lower SES was associated with a higher rate of CT utilization [29] . It is important to note that both of these studies were performed in systems with different health care and insurance systems than was analyzed in this study. Neither of these studies reported cumulative radiation exposure estimates. In a study paralleling our cohort of children but with adult patients, we similarly reported that radiation Note: CEDI ϭ cumulative radiation exposure from diagnostic imaging.
exposure was directly related to comorbidities rather than SES [30] . Several studies have discussed diminished imaging utilization in mammography, bone densitometry, and cardiac catheterization as they relate to lower SES in adults [31] [32] [33] [34] [35] [36] . The international consistency of these findings, including countries with socialized health care, indicates that insurance is not the only factor limiting access to radiologic imaging. We have shown no differences in race or ethnicity with regard to CEDI, and for only 1 of the 26 Elixhauser diagnoses, juvenile rheumatoid arthritis, was there an association between poverty and CEDI. We did demonstrate that those children enrolled in Medicaid or Medicare received significantly more radiation than those with private or no insurance. Patients with Medicaid or Medicare will be those who are poor and have Elixhauser diagnoses. They will be enrolled to obtain required services. Those without insurance (Ͻ10% of the sample) have no means of payment and would not be expected to have ready access to health care services regardless of their medical comorbidities. It is also possible that this 10% represents those who were not located within the catchment area throughout the study period and were not able to benefit from social services afforded to those enrolled in Medicare or Medicaid.
In a review from 2009, it was reported that for every 4,000 CT scans, there would be one excess death from radiation-induced malignancy [11] . Although imaging ‫ء‬For all analyses, the interaction between age and poverty was significant (P Ͻ .05), indicating that older children living in greater poverty have much higher levels of CEDI than older children living in less poverty, relative to what is observed in younger children. †P Ͻ .05 indicates that the interaction between poverty and diagnosis was significant and that poverty was a significant effect modifier of the relationship between diagnosis and CEDI: (1) those without moderate or severe liver disease living in higher poverty areas had significantly greater CEDI than those without the disease who lived in lower poverty areas (the difference in CEDI between those living in higher vs lower poverty areas among those with the diagnosis was not significant), and (2) among those with rheumatoid arthritis, CEDI was significantly greater in those living in higher poverty areas than those living in lower poverty areas (among those without rheumatoid arthritis, the difference in CEDI between those living in higher vs lower poverty areas was not significant). ‡Too few (Ͻ10) patients in one or more of the subsets stratified by poverty and diagnosis group.
data have not supported a causal relationship with cancer, evidence from Japanese populations demonstrate a dose-response relationship [3] . The authors estimated that in 15 developed countries between 0.6% and 1.8% of all malignancies occurred as a result of diagnostic medical radiation, on the basis of the estimate that CEDI Ͼ 50 mSv was considered high [11] . Thus, we agree that physicians caring for such patients must seek to limit radiation exposure whenever possible to lessen the lifetime risk for malignancy [37] . In children and adolescents aged 5 to 21 years diagnosed with osteosarcoma, excess cancer incidence and excess mortality decreased dramatically with age, with rates for those aged 15 to 21 years Յ15% of values for children aged 5 to 10 years [38] . For the 34 children in our sample diagnosed with metastatic solid tumors or lymphoma as well as for children with other diagnoses, we agree with the need to minimize patient exposure to ionizing radiation associated with medical imaging, with specific attention paid to young children, in considering the advantages of such imaging.
Although the assertion cited above that a significant number of cancers are caused by medical radiation has been questioned [39, 40] , the need to minimize unnecessary ionizing radiation has been widely accepted. The "American College of Radiology White Paper on Radiation Dose in Medicine" cites research indicating a significant cancer increase at radiation levels Ͼ 50 mSv and notes that it would not be uncommon for patients receiving multiple CT scans to have an estimated exposure above this level [24] . Because of these concerns, the International Commission on Radiological Protection [41] has recommended that occupational effective radiation doses be limited to an effective dose of 100 mSv over 5 years, with a maximum of 50 mSv in any year. Assuming that we limit the effective dose to 60 mSv over the 3 years of follow-up, it is estimated that 34 children (0.18%) had CEDI values exceeding this threshold, 4 of whom had no Elixhauser diagnoses.
Limitations of the study include the inaccuracy of census tract geocoding and the inability to approximate the SES of individual patients. Insurance status captured at the index visit may have changed over the 3 years. Also, a single hospital system's imaging facilities may lead to potential underestimation of cumulative radiation exposure. Although it is possible that subjects obtained imaging services outside of the net cast by the Clinical Looking Glass software, the true magnitude is unknown. The medical center provides primary care to two-thirds of the poorest children living in the Bronx and subspecialty care to nearly all of these children. The majority of outpatient Chart demonstrating the interaction between moderate or severe liver disease, poverty, and CEDI. Those without moderate or severe liver disease living in higher poverty areas had significantly greater CEDI than those without the disease who lived in lower poverty areas (the difference in CEDI between those living in higher vs lower poverty areas among those with the diagnosis was not significant).
Fig 2.
Chart demonstrating the interaction between rheumatoid arthritis, poverty, and CEDI. Among those with rheumatoid arthritis, CEDI was significantly greater in those living in higher poverty areas than those living in lower poverty areas (among those without rheumatoid arthritis, the difference in CEDI between those living in higher vs lower poverty areas was not significant).
encounters that generate imaging requests via the electronic medical record automatically generate scheduling requests within the radiology information system, which spans 4 inpatient sites and 5 outpatient imaging centers. We are currently designing prospective analyses of the subsets of the cohort within each Elixhauser diagnosis group. This prospective methodology will allow us to more accurately account for these confounders.
Estimated doses rather than actual doses were used, which would tend to underestimate true findings; however, uniform correction would likely not alter results. Information regarding the use of shielding and whether scans were repeated was unavailable. Factors unique to our institution or its patient population, such as its greater proportion of African Americans and smaller proportion of Caucasians, limit generalizability further. Additionally, children could have received imaging at other institutions, which would serve to underestimate the CEDI values reported here. Although we accounted for greater use of ionizing radiation due to increased morbidity by incorporating Elixhauser diagnoses in analyses, we may have omitted other diagnoses associated with increased radiation.
CONCLUSIONS
Although medical imaging provides valuable information at the appropriate settings, many tests can only be done using ionizing radiation. Exposure to ionizing radiation at levels from diagnostic testing is associated with an increased risk for forming solid tumors, and this risk is particularly notable in young children and those with cancer [38] . This study confirms previous work showing that patients of lower SES have greater disease burden. Contrary to expectations with regard to barriers to care, patients in this cohort living in areas with greater concentrations of persons living in poverty had higher levels of CEDI than those living in areas with lower concentrations. This association was explained by the presence of disease burden. We found no direct association between SES and CEDI. Our study demonstrates that poorer children have increased burden of disease and as a consequence receive more CEDI. Although disparities in disease burden resulting from poverty are unlikely to change rapidly, awareness of higher overall potential radiation exposure from diagnostic testing and conscious efforts to utilize nonionizinig alternatives may be used to reduce consequences of imaging in a poorer and sicker pediatric population.
TAKE-HOME POINTS
• Disease burden increases as census tract poverty percentage increases.
• Total accumulated ionizing radiation from diagnostic imaging increases with disease burden.
• Controlling for SES, disease burden accounted for all differences in ionizing radiation exposure.
